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Abstract	
We	 report	 charge-transfer	 up	 to	 a	 single	 electron	per	 interfacial	 unit	 cell	 across	 non-polar	
heterointerfaces	 from	the	Mott	 insulator	LaTiO3	to	the	charge	transfer	 insulator	LaCoO3.	 In	
high-quality	 bi-	 and	 tri-layer	 systems	 grown	 using	 pulsed	 laser	 deposition,	 soft	 X-ray	
absorption,	 dichroism	 and	 STEM-EELS	 are	 used	 to	 probe	 the	 cobalt	 3d-electron	 count	 and	
provide	an	element-specific	investigation	of	the	magnetic	properties.	The	experiments	prove	
a	deterministically-tunable	charge	transfer	process	acting	in	the	LaCoO3	within	three	unit	cells	
of	the	heterointerface,	able	to	generate	full	conversion	to	3d7	divalent	Co,	which	displays	a	
paramagnetic	 ground	 state.	 The	 number	 of	 LaTiO3|LaCoO3	 interfaces,	 the	 thickness	 of	 an	
additional	‘break’	layer	between	the	LaTiO3	and	LaCoO3,	and	the	LaCoO3	film	thickness	itself	in	
tri-layers	provide	a	trio	of	sensitive	control	knobs	for	the	charge	transfer	process,	illustrating	
the	efficacy	of	O2p-band	alignment	as	a	guiding	principle	for	property	design	in	complex	oxide	
heterointerfaces.		
	
Introduction	
Complex	 oxides	 of	 the	 transition	metals	 are	 of	 great	 importance	 and	 interest	 both	 from	a	
fundamental	 science	 as	 well	 as	 a	 technological	 point	 of	 view.	 Technologically,	 LiCoO2	 has	
underpinned	 the	 development	 of	 the	 now	 eponymous	 Li	 ion	 battery	 [1],	 ferrites	 are	
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indispensable	 in	 transformer	cores	and	 inductors	and	oxide	piezoelectric	materials,	 such	as	
PZT	 and	 their	 Pb-free	 analogues,	 are	 enablers	 of	 ultrasound	 imaging	 [2,3].	With	 regards	 to	
fundamental	science,	complex	oxides	show	an	interplay	between	strong	electron	correlations,	
band	 behaviour,	 as	 well	 as	 rich	 repertoire	 of	 ordering	 phenomena	 in	 the	 spin	 and	 orbital	
sectors	making	them	an	enduring	focus	of	theoretical	and	experimental	investigation	[4,5].	
The	maturity	of	epitaxy-based	thin	film	growth	techniques	provides	opportunities	to	improve	
experimental	control	over	the	properties	of	the	system,	leading	to	novel,	emergent	interfacial	
properties	such	as	conductivity	[6],	magnetism	[7]	and	superconductivity	[8,9].	A	central	concept	
in	 the	 field	 is	 the	 role	 played	 by	 nature’s	 response	 to	 an	 incipient	 polar	 catastrophe	 at	
interfaces,	which	can	be	seen	as	an	ultimate	driver	of	interfacial	charge	transfer	[10],	providing	
an	elegant	and	powerful	new	mechanistic	paradigm	for	doping	at	a	distance	in	an	interfacial	
system.	 In	 practise,	 the	 response	 of	 real	 materials	 to	 the	 presence	 of	 a	 potentially	 polar	
interface	can	also	be	rooted	in	the	relatively	facile	creation	of	oxygen	vacancies	in	perovskite	
transition	metal	oxides	[11],	meaning	in	some	systems	the	in-built	potential	of	a	polar	overlayer	
can	be	observed	 [12],	 and	 in	other	 cases,	 such	as	 the	 LaAlO3/SrTiO3	 system	 it	 is	not	 [13].	 In	
addition,	strain	and	the	GdFeO3-(or	octahedra	tilting)	distortion	of	the	cubic	ABO3	perovskite	
can	also	be	either	transmitted	or	blocked	between	a	bulk	substrate	and	an	overlayer	[14].	All	of	
these,	and	other	properties	 constitute	a	number	of	 tools	 that	 can	be	used	 to	design	novel	
functionalities	 in	 complex	 oxides	 [15].	 As	 the	 dominant,	 silicon-based	 electronic	 materials	
universe	makes	clear,	the	interface	can	indeed	be	the	device	[16],	fostering	added	interest	in	
(ultra)thin	oxide	films	and	their	interfacial	properties.	
One	method	 to	 tune	 and	 control	 d-state	occupation	 is	 via	 charge	 transfer,	 and	 recently,	 a	
broadly	applicable	principle	was	introduced	enabling	the	design	of	oxide	heterointerfaces	in	
which	charge	transfer	is	predicted	[17].	The	idea	here	is	that	both	octahedral	backbone	and	the	
A-site	sublattice	 in	an	ABO3	perovskite	can	be	considered	continuous	across	an	ABO3-AB’O3	
heterointerface.	As	a	consequence,	the	O2p-related	bands	of	the	two	materials	should	align	in	
energy.	Depending	on	the	relative	energy	alignment	and	separation	of	the	metal	(B	or	B’)	3d	
and	O2p	states	in	each	compound,	this	can	lead	to	charge	transfer	becoming	favourable	in	the	
heterointerface,	also	in	the	case	of	 isopolar	heterointerfaces.	The	observation	[18]	of	charge	
transfer	 from	 Ti	 to	 Fe	 at	 isopolar	 interfaces	 between	 LaTiO3	 (LTO)	 (ground	 state	 3d1)	 and	
LaFeO3	(ground	state	3d5)	was	an	important	inspiration	for	the	development	of	the	O2p-band	
alignment	picture	[17].			
In	this	paper,	we	report	the	successful	interfacial	transfer	of	a	full	electron	per	(lateral)	unit	
cell	from	LTO	to	LaCoO3	(LCO),	transforming	the	trivalent	3d6	cobaltate	into	a	3d7	divalent	state,	
displaying	 significant	 paramagnetic	 polarisation	 in	 external	 magnetic	 fields.	 This	 charge	
transfer	to	a	3d7	LCO	configuration	without	any	chemical	doping	or	change	in	the	structure	is	
operative	 at	 the	 nanoscale,	 being	 concentrated	 within	 three	 unit	 cells	 of	 the	 LCO/LTO	
interface,	thus	allowing	tuning	of	the	average	Co	valence	by	choice	of	the	LCO	thickness	and	
number	of	interfaces.	This	achievement	is	all	the	more	remarkable	since	the	very	electronic	
driving	 force	 for	 charge	 transfer	 could	 easily	 result	 in	 unwanted	 chemical	 effects	 and	
uncontrolled	defect	formation.	As	we	will	argue	below,	for	the	thin	layers	we	are	studying,	we	
have	ample	of	experimental	evidence	that	the	electronic	charge	transfer	is	indeed	the	leading	
effect,	meaning	a	 transformation	 from	 tri-	 to	divalent	Co	 is	 achieved	without	 changing	 the	
structure.		
These	experimental	findings	support	the	design	guidelines	involving	O2p-band	alignment	for	
the	generation	of	interfaces	displaying	nanoscale	charge	transfer	[17].	Nanoscale,	controlled	
electron	transfer	processes	in	oxides	–	in	particular	in	cobaltates	-	could	also	be	very	interesting	
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in	the	context	of	sustainable	energy	technologies	involving	the	oxygen	evolution	reaction,	in	
which	activity	has	been	linked	to	an	eg	electron	occupancy	of	unity	[19].		
	
Sample	design	and	fabrication	
LCO	can	be	considered	the	parent	compound	of	many	interesting	complex	cobalt	oxides.	In	its	
ground	 state,	 bulk	 LCO	 is	 a	 d6	 charge	 transfer	 insulator	 with	 a	 nominally	 low-spin,	 non-
magnetic	configuration	(t2g6eg0).	Early	temperature	dependent	studies	[20]	suggested	a	gradual	
transition	 from	 low	spin	 (LS)	 to	 intermediate	spin	 (IS)	states,	but	more	recent	studies	were	
clear	that	the	LS	ground	state	co-exists	with	a	triply-degenerate	HS	excited	state,	to	yield	an	
inhomogeneous	mixed-spin	state	[21].	In	the	experiments	reported	here,	ultrathin	films	of	LTO	
and	LCO	were	grown	using	Pulsed	Laser	Deposition	(PLD)	on	conducting	0.5	weight	percent	
Nb-doped,	(100)-oriented	SrTiO3	(STO)	substrates.	The	substrates	were	ultrasonically	cleaned	
in	acetone	and	subsequently	ethanol,	 followed	by	a	chemical	etching	procedure	and	finally	
annealing	to	achieve	a	well-defined,	single	TiO2-terminated	surface	[22].	Intensity	variations	in	
Reflection	High	 Energy	 Electron	Diffraction	 (RHEED)	were	used	 to	monitor	 the	 growth	 and	
assure	unit-cell	level	control	over	the	film	thickness.	Subsequently,	a	30	unit	cell	(uc)	thick	layer	
of	LaAlO3	(LAO)	was	grown.	This	served	to	(a)	enable	an	accurate	calibration	of	the	PLD	set-up	
as	LAO	grows	very	well	in	a	layer-by-layer	manner;	(b)	prevent	formation	of	a	polar-interface-
driven	charge	transfer	involving	the	LCO	or	LTO	(both	of	which	are	polar)	by	separating	them	
far	 from	 the	 non-polar	 STO,	 (c)	 mask	 the	 Ti	 states	 of	 the	 STO	 substrate	 in	 the	 soft	 X-ray	
absorption	experiments	and	(d)	block	transport	of	oxygen	from	the	STO	substrate	into	the	LTO	
film	[23].		After	growth	of	the	LTO,	LCO	or	combinations	thereof,	a	5	uc	LaNiO3	(LNO)	layer	was	
added	as	a	cap,	so	as	to	enable	ambient	transfer	of	the	samples	to	the	synchrotron	and	reduce	
the	chance	of	charging	effects.		
The	growth	of	LCO	and	LTO	film	combinations	poses	a	dilemma:	in	order	to	grow	LTO,	a	low	
oxygen	 background	 pressure	 (typically	 well	 below	 10-4	mbar)	 is	 desired,	 in	 order	 to	 avoid	
formation	of	unwanted	phases	like	La2Ti2O7	[24]	and	over-oxidation	of	the	LTO,	which	results	in	
tetravalent	 Ti	with	3d0	 electronic	 configuration	 [23].	On	 the	other	hand,	 good	 LCO	growth	
prefers	 a	 higher	 oxygen	 background	 pressure	 (typically	 ~0.1	mbar),	 so	 as	 to	 avoid	 oxygen	
vacancies	[25].	Thus,	while	interfacing	perfect	LTO	and	LCO	in	the	computer	[17]	is	relatively	
straightforward,	 in	 the	 laboratory,	 true	high-pressure	 LCO	growth	would	aggressively	over-
oxidize	the	underlying	LTO,	resulting	in	an	uncontrolled	LTO	quality,	and	low-pressure	growth	
aimed	at	stoichiometric	LTO	will	not	allow	the	growth	of	stoichiometric	LCO	with	trivalent	Co.	
Consequently,	a	third	way	was	chosen	here:	namely,	to	grow	both	materials	at	an	intermediate	
pressure	of	2*10-3	mbar.	Several	strategies	were	combined	to	keep	the	impact	on	the	LTO	as	
minimal	as	possible,	 for	example	by	keeping	the	LTO	thickness	below	5	uc	and	utilising	the	
substrate-induced	strain	to	help	stabilise	the	113-phase	of	LTO	[24].	We	note	that	all	reference	
samples	without	LTO	were	still	grown	at	this	intermediate	pressure,	in	order	to	avoid	sample	
variations	due	to	differences	in	growth	conditions.	Other	PLD-parameters	were	optimized	to	
obtain	a	flat	and	smooth	surface	after	deposition	and	to	form	sharp	interfaces.	
An	overview	of	all	the	growth	parameters	can	be	found	in	Table	I.	Below	we	will	experimentally	
justify	the	appropriateness	of	the	chosen	synthesis	conditions.	
	
Table	I.	PLD	growth	parameters	for	the	LAO,	LTO,	LCO	and	LNO	layers.	P[O2]	denotes	the	
oxygen	background	pressure	during	growth.	
Material	 Fluence	(J/cm2)	 Substrate	
temperature	(°C)	
Laser	rep.	
rate	(Hz)	
P[O2]	
(mbar)	
Laser	spot	
size	(mm2)	
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LaAlO3	 1.3	 750	 1	 2x10-3		 2.3	
LaTiO3	 1.9	 750	 1	 2x10-3	 2.3	
LaCoO3	 1.9	 850	 2	 2x10-3	 2.3	
LaNiO3	 1.9	 750	 1	 2x10-3	 2.3	
	
A	wide	range	of	samples	were	grown,	designed	to	test	various	aspects	of	the	expected	physical	
behaviour.	As	mentioned	above,	all	possess	a	30	uc		LAO	buffer	layer	and	a	5	uc	LNO	capping	
layer	(unless	otherwise	stated)	and	can	be	divided	into	four	differing	sample	types	as	depicted	
in	Fig.	1.	
	
	
	
Figure	1:	Family	of	samples	according	to	the	number	of	‘active’	LaTiO3|LaCoO3	interfaces	[IFs]	
(yellow	highlight):	(a)	no	LTO|	LCO	IF	[0*IF]	(b)	[1*IF]	LTO|LCO	(c)	[2*IF]	LTO|LCO	(d)	no	direct	
LTO|LCO	IF	[0*IF]	due	to	LAO	‘break’	layer.	All	samples	were	grown	on	Nb:STO	substrates	with	
a	LAO	buffer	layer	of	30	uc	and	a	5	uc	LNO	cap.	
	
The	four	sample	types	are:	
(a)	LCO	-	containing	no	interface	[0*IF]	
(b)	LTO	|	LCO	-	containing	a	single	heterointerface	[1*IF]	
(c)	LTO	|	LCO	|	LTO	-	containing	a	double	heterointerface	[2*IF]	
(d)	LTO	|	LAO	|	LCO	–	a	single	interface	system	including	a	‘breaker’	layer	of	LAO.	
To	 exclude	 strain-related	 effects	 dominating	 the	 physics	 observed	 a	 [2*IF]	 sample	 was	
generated	on	a	bulk	LAO	substrate.	
Since	the	bulk	(pseudocubic)	lattice	constant	of	LCO	is	3.78	Å	at	4K	and	3.84	at	1248K	[26]	the	
LCO	would	have	a	tensile	strain	of	about	3%	when	fully	strained	on	the	STO	substrates.	For	the	
samples	grown	on	bulk	(100)	LAO	substrates,	LCO	would	have	a	compressive	strain	of	about	
1%.		
	
Soft	X-ray	absorption,	x-ray	magnetic	circular	dichroism	and	hard	X-ray	photoemission		
X-ray	Absorption	Spectroscopy	(XAS)	was	carried	out	at	the	Co-L2,3	(and	Ti-L2,3)	edges	using	soft	
X-rays	from	the	i10	beamline	at	Diamond	Light	Source,	Didcot,	in	the	BLADE	end-station.	Both	
Total	 Electron	 Yield	 (TEY)	 and	 Fluorescence	 (FY)	 detection	 modes	 were	 employed	
simultaneously.	 TEY	probing	depths	 are	~10nm	at	 the	Co-L3	edge	 [27],	 and	 the	effective	FY	
probing	depth	is	comparable	to	the	X-ray	penetration	depth,	although	FY	data	do	present	some	
complications	 for	 the	 use	 of	 XMCD	 sum	 rules	 [28].	 Consequently,	 the	 XMCD	 data	 analysis	
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presented	here	concerns	the	TEY	data,	with	the	FY	data	used	as	a	double-check	for	thicker	
films.	The	experimental	station	combines	a	cryostat	operated	at	a	lowest	temperature	of	10K	
with	a	superconducting	magnet	applying	fields	between	-14	≤	H	≤	+14	Tesla.	The	magnetic	field	
is	oriented	along	the	incoming	X-ray	beam-path,	facilitating	element	specific	magnetometry	
based	on	 x-ray	magnetic	 circular	dichroism	 (XMCD)	experiments.	 The	base	pressure	of	 the	
measurement	chamber	is	in	the	10-10	mbar	range.		
The	 L2,3-edge	 XAS	 spectrum	of	 a	 transition	metal	 compound	 involves	 electronic	 transitions	
from	the	2p1/2	and	2p3/2	core	levels	to	unoccupied	3d	states,	and	provides	an	ultra-sensitive	
fingerprint	of	the	d-electron	count,	or	valence	of	the	system	under	investigation	[29].	
For	ensuring	maximally	accurate	XAS	data,	experiments	were	conducted	at	10K	by	recording	
repeated	blocks	of	spectra	with	alternating	X-ray	polarisation	(e.g.	σ+	σ-	σ+	followed	by	σ-	σ+	
σ-).	For	the	valence	fingerprinting,	the	average	of	the	spectra	for	the	two	circular	polarizations	
is	taken.	For	the	majority	of	the	data	reported	here,	the	X-rays	were	incident	at	a	grazing	angle	
of	20	degrees	with	respect	to	the	surface	of	the	film.	Control	experiments	were	carried	out	at	
higher	temperatures,	larger	incidence	angles	and	investigating	different	locations	on	the	5x5	
mm2	 films.	 In	 all	 cases,	 the	 measured	 XAS	 spectra	 were	 normalized	 to	 the	 edge-jump,	
accounting	 for	 the	 number	 of	 holes	 in	 the	 3d-shell,	 while	 a	 linear	 background	 that	 was	
determined	well	before	the	pre-edge	region	was	subtracted.		
Hard	X-ray	photoemission	measurements	were	conducted	at	the	I09	beamline	at	DIAMOND	
Light	Source	using	a	photon	energy	of	2.2	keV.	The	HAXPES	spectra	were	recorded	using	an	
EW4000	photoelectron	analyzer	 (VG	Scienta),	equipped	with	a	wide-angle	acceptance	 lens,	
with	the	X-rays	incident	at	a	grazing	angle	of	55o,	so	as	to	enable	depth	profiling	analysis	of	the	
photoelectrons	where	appropriate.	Soft	X-ray	absorption	spectra	were	also	recorded	at	the	I09	
beamline	at	the	Co	L2,3	edges	from	the	same	spot	(30	µm	×	50	µm)	as	was	measured	using	
HAXPES,	 so	 as	 to	 connect	 to	 the	 XAS	 data	 recorded	 at	 the	 I10	 beamline.	 A	 portable	 UHV	
‘suitcase’	chamber	was	used	to	transfer	some	of	the	samples	from	the	PLD	system	in	Twente	
to	DIAMOND	in	a	pressure	in	the	10−10	mbar	range,	to	test	for	oxidation	during	transport.	
The	 in-situ	 XPS	 data	 shown	 in	 the	 supplementary	material	 (Fig.	 S4)	 were	 recorded	 in	 the	
Twente	multi-chamber	PLD	system	using	monochromatized	Al:Ka	radiation	and	an	Omicron	7-
channeltron	electron	energy	analyzer.		
	
Scanning	Transmission	Electron	Microscopy	
Scanning	 Transmission	 Electron	 Microscopy	 (STEM)	 using	 High	 Angle	 Annular	 Dark	 Field	
(HAADF)	imaging	was	performed	using	a	FEI	Titan	80-300	microscope	operated	at	120	kV.	The	
samples	were	prepared	in	a	vacuum	transfer	box	and	studied	while	held	in	a	Gatan	vacuum	
transfer	sample	holder	to	avoid	any	 influence	of	air	on	the	film	[30-32].	Electron	Energy	Loss	
Spectroscopy	(STEM-EELS)	measurements	were	performed	using	a	monochromatic	beam	with	
a	 120meV	 energy	 resolution.	 The	 Ti	 L,	 Co	 L	 edge,	 O-K	 and	 La-M5	 edges	 were	 acquired	
simultaneously	 (the	La	being	used	 for	energy	calibration).	The	acquisition	parameters	were	
0.25s/pixel,	0.4Å/pixel	and	0.05eV/pixel	in	the	dual	EELS	mode.	Collection	angles	for	HAADF	
imaging	and	EELS	were	70-160	mrad	and	47	mrad,	respectively.	
	
Results	and	discussion	–	XAS	data	
As	the	right-hand	panel	(b)	of	Fig.	2	shows,	Co-L2,3	XAS	spectra	from	high-quality	single	crystals	
taken	from	Ref.	[33]	are	very	characteristic	for	whether	the	cobalt	ions	are	trivalent	(nominally	
d6,	in	this	case	EuCoO3	or	Sr2CoO3Cl)	or	divalent	(formally	d7,	here	CoO).	There	are	some	subtle	
differences	 between	 the	 LS	 and	 HS	 variants	 in	 the	 trivalent	 case,	 but	 there	 are	 two	 very	
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prominent	low-energy	features	in	the	divalent	case,	highlighted	with	yellow	arrows	that	make	
a	valence	change	from	tri-	to	divalent	experimentally	very	easy	to	spot.	
The	left-hand	panel	(a)	of	Fig.	2	shows	the	core	result	of	this	research.	The	data	from	the	thin	
(4	uc)	film	of	LCO	(blue)	closely	resembles	a	combination	of	the	spectra	of	the	two	trivalent	
model	compounds	[34].	Upon	sandwiching	a	sample	with	2	uc	of	LCO	between	LTO	layers	to	
generate	two	LTO|LCO	interfaces	[2*IF]	(red),	strong	XAS	intensity	can	be	seen	at	the	location	
of	the	two	yellow	arrows.	Now	the	XAS	fingerprint	is	practically	identical	to	that	of	CoO:	for	
this	double	interface	system	100%	of	the	cobalt	ions	have	been	transformed	into	a	divalent,	d7	
electronic	configuration.	 In	the	simplest	picture	this	yields	a	single	electron	in	an	otherwise	
empty	eg	orbital	manifold.	The	bottom-most	trace	 in	Fig.	2(a)	 (grey)	shows	that	exactly	 the	
same	 result	 of	 complete	 valence	 transformation	 occurs	 also	 with	 the	 LCO	 under	 (mild)	
compressive	strain,	as	this	film	stack	was	grown	on	bulk	LAO.	
	
From	the	data	of	Fig.	2	it	 is	already	clear	that	the	combination	of	ultrathin	LCO	sandwiched	
between	LTO	does	not	support	regular	trivalent	cobalt	ions,	but	rather	a	divalent	state,	in	line	
with	the	theory	predictions	for	charge	transfer	for	this	couple	in	Ref.	[17].	As	each	of	the	Co	
ions	in	the	2	uc	LCO	film	has	picked	up	an	extra	electron,	the	obvious	question	arising	is	from	
where?	The	two	main	possibilities	are:	
i) Charge	transfer	of	the	3d1	electron	from	the	LTO	to	the	cobalt	ions	(as	takes	place	in	the	
density	functional	theory	simulations	[17])	
ii) or	a	Co	valency	change	as	a	result	of	oxygen	(or	cation)	non-stoichiometry	in	the	LCO	layer	
or	anionic/cationic	intermixing	between	the	layers.	
	
Obviously,	this	is	an	important	issue	to	settle.	To	work	out	what	is	happening	in	these	carefully	
PLD-grown	 single-	 bi-	 and	 trilayer	 systems	with	 layer	 thicknesses	 in	 the	 few	 uc	 level	 in	 an	
unbiased	manner,	a	combination	of	atomic	level	structural	determination,	with	sensitive	(and	
non-invasive)	valency	determination	is	required.	This	is	precisely	what	we	bring	to	bear	on	the	
problem	using	soft	X-ray	XAS,	(HA)XPS	and	TEM	techniques.		
	
	
	
Araizi-Kanoutas,	Geessinck	et	al.,	page		7	
Figure	2:	Valency	fingerprinting	via	Co-L2,3	XAS	shows	complete	transformation	to	divalent	Co.	
(a)	From	top	to	bottom:	no	active	interface	[0*IF]:	4uc	LCO;	double	IF	[2*IF]:	4uc	LTO|2uc	
LCO|4uc	 LTO;	 [2*IF]	 on	 LaAlO3	 substrate:	 4uc	 LaTiO3|2uc	 LaCoO3|4	 uc	 LaTiO3.	 Top	 two	
datasets	measured	at	10	K,	lowermost	at	100	K.	
(b)	 spectra	 from	single	crystals	of	model	 compounds	 from	Ref.	 [33]:	 from	top	 to	bottom:	
EuCoO3	(Co3+	low	spin)	Sr2CoO3Cl	Co3+	(high	spin)	and	CoO	(Co2+,	high-spin	system).	
	
In	the	following,	we	discuss	data	regarding	the	range	within	which	the	cobalt	valency	is	altered	
in	the	LCO	(from	both	XAS	and	STEM);	the	valency	of	the	Ti	in	the	LTO	(from	XAS	and	XPS)	and	
the	 crystalline	 quality	 of	 the	 interfacial	 systems	 (from	 STEM).	 Taken	 together,	 these	 data	
present	a	compelling	case	that	charge	transfer	from	LTO	to	LCO	is	the	leading	driver	of	the	
phenomena	 observed.	 We	 will	 gather	 together	 all	 the	 arguments	 that	 bring	 us	 to	 this	
conclusion	again	at	 the	close	of	 the	paper,	once	all	 the	different	experimental	 results	have	
been	presented35.	
We	now	move	to	the	range	in	the	LCO	over	which	this	charge	transfer	effect	is	active.	This	can	
be	 probed	 by	 varying	 the	 LCO	 thickness	 in	 a	 4	 uc	 LTO|X	 uc	 LCO|4	 uc	 LTO	 sandwich	
configuration.	The	Co-L2,3	XAS	valency	fingerprints	for	these	systems	are	shown	in	Fig.	3	for	
X=2,	4,	6	and	36	uc	together	with	a	trace	from	a	single	interface,	[1*IF]	4	uc	LTO	|4	uc	LCO4	
sample	for	comparison	[36].		
Starting	from	the	bottom	of	the	stack	of	spectra	in	Fig.	3:	the	[1*IF]	data	in	green	already	shows	
the	presence	of	significant	divalent	cobalt	(model	compound	fits	yield	30%	divalent	Co),	linked	
to	it	single	active	LTO|LCO	interface.		
	
	
	
Figure	3:	Interfacial	character	of	charge	transfer.	
Co-L2,3	XAS	spectra	of	2*IF	systems:	4uc	LTO|X	uc	LCO|4uc	LTO	with	X=2,4,6,	and	36	uc.	The	
bottom-most	trace	from	a	[1*IF]	4uc	LTO|2uc	LCO	sample	shows	the	4|36|4	system	is	similar	
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to	the	single	IF	case.	The	LCO	thickness	dependence	clearly	signals	the	interfacial	character	of	
the	electron	transfer.	All	data	recorded	at	10	K,	and	individual	spectra	are	offset	vertically	for	
clarity.	
	
Next	up	in	Fig.	3	is	the	[2*IF]	system	shown	in	pink.	Here	the	lowermost	interface	has	been	
placed	15nm	below	 the	 film	surface,	and	 thus	 is	essentially	 invisible	 in	TEY-XAS	due	 to	 the	
latter’s	10nm	probing	depth	[27].	The	fact	that	such	a	[2*IF]	sample	displays	a	charge	transfer	
contribution	(25%	divalent	Co)	similar	to	yet	slightly	smaller	than	that	of	the	single	interface	
system	is	a	first	indication	for	the	interfacial	character	of	the	charge	transfer.	The	slightly	lower	
charge	transfer	in	the	trilayer	data	stemming	from	the	larger	contribution	from	cobalt	ions	well	
away	from	either	active	interface	than	is	possible	in	the	thinner	[1*IF]	sample.		
Moving	to	the	centre-most	XAS	spectrum,	confining	only	6	uc	of	LCO	between	the	LTO	(blue	
online)	brings	both	interfaces	within	measurement	range,	resulting	in	40%	divalent	Co.	As	the	
central	LCO	layer	gets	thinner,	the	divalent	percentage	increases:	in	the	4|4|4	sample	half	the	
Co	 ions	are	divalent,	and	as	discussed	 in	 the	context	of	Fig.	2(a),	 for	4|2|4	all	 the	trivalent	
cobalt	ions	have	received	an	additional	electron,	turning	them	divalent.	Fig.	S2	shows	how	two	
methods	for	decomposing	the	spectra	to	yield	Co2+	percentages	agree	nicely.	
The	deepest-lying	LTO|LCO	interfaces	for	X=	6,	4	and	2	vary	from	5.7	to	4.9	to	4.2	nm	below	
the	 sample	 surface,	 so	 not	 the	 10nm	probing	 depth	 of	 TEY-XAS,	 but	 a	 combination	 of	 the	
reduction	of	 the	distance	 in	 the	LCO	to	the	nearest	active	LTO|LCO	 interface	and	a	 limited	
range	away	from	the	LTO	interface	at	which	the	charge	transfer	into	the	LCO	is	effective	are	
responsible	for	the	strong	growth	in	divalent	character.	These	data	are	a	second	argument	for	
the	interfacial	character	of	the	charge	transfer	process.	The	Co-L2,3	XAS	data	tell	a	clear	story:		
each	interfacial	contact	between	two	uc’s	–	one	LCO,	the	other	of	LTO	–	results	in	a	net	transfer	
of	 one	 electron	 to	 the	 LCO	 system.	 This	 is	 a	 remarkably	 large	 charge	 transfer.	 In	 order	 to	
correctly	 interpret	 the	 origin	 of	 the	 electrons	 picked	 up	 by	 the	 cobalt	 ions,	 atomic-scale	
information	is	required	on	the	structure	and	chemical	make-up	of	the	interfacial	region.	
	
Results	and	discussion	–	STEM	and	STEM-EELS	data	
This	 brings	 us	 naturally	 to	 the	 STEM	 data.	 Fig.	 4(a)	 shows	 a	 high	 angle	 annular	 dark	 field	
(HAADF)	STEM	 image	 from	a	 cross-section	of	an	 LNO-capped	LTO4|LCO36|LTO4	 film	 stack	
grown	on	STO	(substrate	not	shown).	This	particular	sample	was	chosen	as	the	upper	and	lower	
LTO|LCO	interfaces	were	readily	identifiable	after	FIB-based	cross-section	preparation.	From	
the	image,	the	high	quality	of	the	samples	is	evident.		
	
	
Araizi-Kanoutas,	Geessinck	et	al.,	page		9	
	
	
Figure	4:	TEM	imaging	and	spectroscopy.	
(a)	HAADF-STEM	cross	section	showing	excellent	epitaxy	and	sharp	interfaces.	
(b)	&	(c)	show	STEM	EELS	data	from	the	same	cross	section.	In	(b)	a	downshift	of	Co-L2,3	main	feature	
close	to	the	active	IF,	is	consistent	with	interfacial	Co(II).	In	(c)	an	upshift	of	interfacial	O:K	pre-peak	in	
LaCoO3	is	seen,	also	consistent	with	interfacial	Co(II).	In	the	central	images	of	(b)	and	(c)	the	white	lines	
schematically	indicate	the	energy	shifts	occurring.	
All	data	recorded	at	room	temperature	and	in	the	2T	field	of	the	objective	lens.	
	
A	2D	representation	of	the	STEM-EELS	spatial	line-scan	data	across	the	two	active	IFs	of	the	
sample	are	depicted	at	the	Co-L3	and	O-K	edges	in	Figs.	4(b)	and	4(c),	respectively.	These	2D	
spatial/spectroscopic	maps,	show	a	definite	shifting	of	the	energies	of	the	low	energy	features	
of	both	the	Co-L3	edge	(downward)	and	the	O:K	edge	(upward)	that	take	place	inside	the	LCO,	
within	~3uc	of	the	LTO|LCO	interface.	A	glance	at	Figs.	2	or	3	suffices	to	see	that	the	downward	
shift	observed	in	the	Co-L2,3	STEM	EELS	data	matches	the	spectral	fingerprint	of	the	divalent	
cobalt	seen	in	XAS.	Importantly,	the	STEM	data	give	a	direct	measure	of	the	range	of	the	charge	
transfer	of	~3	uc	that	immediately	provides	a	good	qualitative	understanding	of	the	behaviour	
as	a	function	of	LCO	layer	thickness	seen	in	the	XAS	experiments,	such	as	those	shown	in	Fig.	
3.	
The	 second	 crucial	 contribution	 from	 the	 TEM	data	 is	 to	 rule	 out	 prominent	 cationic	 non-
stoichiometry	or	migration	across	the	ABO3|AB’O3	interface.	Obviously,	A-site	migration	is	a	
non-issue	as	La	has	been	used	throughout	all	layers	in	our	heterostructures.	For	the	B-site,	it	
would	be	possible	for	Ti	and	Co	to	migrate	across	 interfaces	 in	both	directions	and	take	on	
different	valence	states.	Both	the	HAADF-STEM	and	the	EELS	data	from	multiple	samples	yield	
no	indication	-	within	the	error	margins	of	a	single	unit	cell	-	that	such	migration	occurs,	and	
nor	was	significant	cation	non-stoichiometry	observed	in	either	material.	
The	third	issue	to	which	the	TEM	data	are	very	pertinent	is	that	of	anionic	migration	or	non-
stoichiometry.	 One	 can	 consider	 the	 DFT	 predictions	 of	 Ref.	 [17]	 as	 a	 kind	 of	
gedankenexperiment:		taking	perfect	3d6	LCO	and	perfect	3d1	LTO	and	putting	them	in	contact	
yields	charge	transfer,	leading	to	divalent	3d7	Co	&	3d0	tetravalent	Ti	at	and	near	the	interface.	
In	practise,	realising	this	interface	requires	the	sequential	growth	of	two	different	compounds.	
On	the	LCO	side	of	the	interface,	oxygen	vacancies	could	form	to	give	LaCoO3-d	with	a	cobalt	
valence	of	3-(2d),	and	on	the	LTO	side,	oxygen	 ion	 interstitials	could	exist,	 forming	LaTiO3+d	
with	a	titanium	valence	of	3+(2d).	As	a	matter	fact,	given	the	intermediate	oxygen	pressure	
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that	we	chose	to	grow	the	samples	in,	one	could	expect	the	formation	of	LaTiO3+d		and	LaCoO3-
d,	as	this	has	been	seen	in	the	growth	of	each	material	as	a	‘stand-alone’	system	[23,25].		
Thus,	in	our	heterostructures	the	possibilities	are	manifold:	(a)	a	3d7|3d0	LaCoO2.5	-	LaTiO3.5	
interface,	even	(b)	a	3d7|3d1	LaCoO2.5	-	LaTiO3	interface	or	the	reverse:	(c)	a	3d6|3d1	LaCoO3	-	
LaTiO3.5	 interface.	 Finally,	 and	most	 remarkably,	 of	 course,	 is	 the	 fourth	option	of	 a	purely	
electronic	charge	transfer	scenario	 [17]	 to	yield	3d7|3d0	 from	the	essentially	stoichiometric	
materials.	Despite	these	many	options,	the	experimental	evidence	for	the	completed	LCO|LTO	
couple	favors	the	electronic	mechanism	as	we	explain	in	the	following.	
Firstly,	the	XAS	traces	from	reference	LaCoO3	films	grown	under	identical	conditions	to	the	LCO	
in	the	bi-	and	trilayers	show	divalent	Co	only	at	the	<3%	level.	Consequently,	although	oxygen	
vacancies	in	the	LCO	growth	cannot	be	excluded,	they	are	nowhere	near	the	required	level	to	
explain	the	divalent	cobalt	signatures	in	the	bi-	and	trilayers.	Secondly,	an	only	minor	role	for	
oxygen	defects	 is	 pointed	 to	 by	 the	 fact	 that	 in	 STEM	we	 see	 a	 clean	perovskite	 structure	
throughout	 the	 whole	 stack	 for	 all	 types	 of	 samples	 we	 have	 presented	 in	 this	 paper.	 In	
particular,	for	LaTiO3+d	with	Ti4+,	one	would	expect	to	see	line	defects	belonging	to	the	227	-
phase	[37]	as	the	113-ABO3	perovskite	structure	has	simply	no	room	for	additional	large	anions.	
This	makes	it	unlikely	the	extra	oxygen	interstitials	proposed	in	Ref.	[23]	could	be	present	in	
our	heterostructures	at	a	density	anywhere	near	that	required	to	reach	LaTiO3.5,	as	the	STEM	
data	show	such	a	clean,	non-reconstructed	ABO3	structure	right	across	the	heterointerface.	
Next,	on	the	LCO	side,	also	no	deviations	from	the	113-perovskite	structure	are	seen	in	the	
TEM	imaging.	For	example,	ordered	defects	are	already	seen	experimentally	for	10%	oxygen	
vacancies,	equivalent	to	a	composition	of	LaCoO2.7	[38].	Our	TEM	data	are	wholly	devoid	of	the	
stripe-	or	line-like	features	that	have	been	interpreted	as	Co	spin-state	ordering	or	O-vacancy	
ordering	in	LCO	[39-43].	In	epitaxial	films	one	would	also	expect	a	measurable	expansion	of	the	
LCO	c	lattice	parameter	[44]	something	which	is	not	seen	in	our	STEM	data.	To	close-up	the	
discussion	at	this	stage	of	the	presented	experimental	data,	we	also	mention	that	the	fact	that	
the	divalent	Co	is	only	formed	close	to	the	interface	with	LTO	is	also	naturally	explained	in	the	
charge	 transfer	 scenario,	 but	 the	 special	 spatial	 arrangement	 of	 possible	 oxygen	 vacancies	
required	to	achieve	this	lacks	credible	motivation.	We	will	return	again	to	the	key	question	of	
electronic	charge	transfer	vs.	anion	migration	or	non-stoichiometry	at	the	end	of	the	paper,	
after	all	the	experimental	data	have	been	presented	and	interpreted.	
	
Results	and	discussion	–	HAXPES	&	XPS	data	
Keeping	with	the	electronic	configuration	of	the	cobalt	ions	for	a	little	longer,	Fig.	5	shows	Co2p	
HAXPES	spectra	of	a	[0*IF]	4	uc	LCO	sample	(Nb:STO	substrate),	[1*IF]	4	uc	LTO|4	uc	LCO	and	
[2*IF]	 4	 uc	 LTO|4	 uc	 LCO|4	 uc	 LTO,	 the	 latter	 grown	 on	 LAO	 substrates,	 together	 with	
reference	spectra	from	bulk	LCO	and	CoO	from	the	literature	[45,46].	The	Co	2p	photoemission	
lineshape	is	a	result	of	numerous	final-state	charge-transfer	and	multiplet	interactions	and	this	
cautions	 against	 a	 strict	 quantitative	 analysis.	 However,	 the	 absence	 or	 presence	 of	
characteristic	satellite	structures	appearing	at	~6eV	higher	binding	energy	than	the	main	spin-
orbit-split	main	lines	are	a	tell-tale	sign	of	the	Co	valence.	These	features	are	indicated	in	Fig.	
5	using	yellow	arrows,	and	are	a	result	of	a	so-called	‘shake-up’	process	 in	which	 ligand-to-
metal	 charge	 transfer	 takes	 place,	 yielding	 a	 |2p53dn+1L>	 final	 state	 [47].	 In	 octahedrally	
coordinated	Co[III]	systems	such	as	bulk	LCO,	the	charge	transfer	energy,	D,	required	to	do	this	
is	too	great	and	no	satellite	is	observed	[48],	but	in	divalent	Co[II]	this	is	a	salient	feature	of	the	
spectrum	[49].	
	
Araizi-Kanoutas,	Geessinck	et	al.,	page		11	
	
		
Figure	5:	XPS	confirms	Co(III)	d7	ions	in	interface	samples:	HAXPES	spectra	of	the	Co2p	core	level	of	(top	
to	bottom):	CoO	[Ref.	46],	[2*IF]	LTO4|LCO4|LTO4	and	[1*IF]	LTO4|LCO4	on	LAO	substrates	and	LCO	
4	uc	on	a	Nb:STO	substrate	(online	red,	blue	green,	respectively);	bulk	LCO	[Ref.	45].	
The	thin	film	data	were	recorded	using	hn=2.2	keV	at	250	K,	and	the	yellow	arrows	highlight	the	shake-
up	satellites	characteristic	of	octahedrally	coordinated	Co(II)	ions.	Individual	spectra	are	offset	vertically	
for	clarity.	
	
Looking	at	the	data	of	Fig.	5,	it	is	clear	that	the	[1*IF]	4|4	sample	shows	clear	satellite	intensity	
(and	thus	presence	of	Co[II]	ions)	and	that	this	increases	further	in	the	case	of	the	[2*IF]	4|4|4	
sample,	 indicating	 the	 interfacial	 character	 of	 the	 charge	 transfer	 to	 LCO,	 in	 excellent	
agreement	with	the	XAS	and	TEM-EELS	data.	In	line	with	this,	for	the	4	uc	LCO	film	without	an	
‘active’	 LTO|LCO	 interface,	 no	 shake-up	 satellite	 is	 observable,	 just	 as	 for	 the	 bulk	 LCO	
spectrum	from	trivalent	cobalt.	Given	the	thinness	of	the	cobaltate	layers	and	the	significant	
inelastic	 mean-free	 pathlength	 of	 the	 photoelectrons	 under	 these	 conditions,	 no	 depth-
profiles	could	be	extracted	from	the	angle-dependent	HAXPES	data.		
	
Core	level	photoemission	and	X-ray	absorption	can	also	be	used	to	examine	the	valence	state	
and	associated	d-electron	count	of	the	Ti	 in	the	LTO.	In	Fig.	S3,	the	Ti-L2,3	edges	of	the	LTO	
layers	in	[2*IF]	samples	comprised	of	2,	4	and	6	uc	of	LCO	between	a	pair	of	4	uc	LTO	layers	
are	shown,	as	well	as	that	of	STO.	The	intensity	ratio	of	the	first	two	(L3	t2g-	and	eg-related)	
structures	are	different	in	the	trilayers	compared	to	STO,	but	otherwise	-	at	a	glance	-	all	four	
traces	clearly	signal	Ti	in	the	tetravalent	(3d0)	state.	On	a	qualitative	level	this	can	argue	for	the	
transfer	of	the	3d	electron	of	the	LTO	to	LCO,	as	predicted	in	[17].	However,	the	Ti-L2,3	XAS	
spectra	of	Fig.	S3	do	signal	essentially	100%	Ti4+	 in	all	three	of	the	4|6|4,	4|4|4	and	4|2|4	
stacks,	yet	comparing	to	the	Co	valence	fingerprints	in	Fig.	3,	the	charge	book-keeping	does	
not	balance	up	perfectly:	it	appears	that	more	Ti	3d1	electrons	have	transferred	than	there	are	
Co	ions	to	house	them.	We	do	not	have	a	clear	explanation	for	this	imbalance.	
Araizi-Kanoutas,	Geessinck	et	al.,	page		12	
The	question	of	Ti4+	in	LTO	has	been	addressed	in	part	in	Ref.	[23],	although	the	extra	oxygen	
interstitials	they	propose	would	seem	difficult	to	fit	into	113-ABO3	structure	at	the	required	
density.	In	Fig.	S4,	we	present	in-situ	Ti2p	XPS	data	indicating	the	situation	in	the	reality	of	the	
thin	film	growth	process	is	quite	subtle.	Here	an	LTO	film	is	grown	on	LAO	under	the	conditions	
given	in	Table	I,	and	then	transferred	without	breaking	vacuum	from	the	PLD	to	the	XPS	system.	
After	post-growth	cool	down,	 the	Ti2p	spectrum	shows	tetravalent	Ti,	 rather	 than	trivalent	
state	nominally	expected.	Subsequent	annealing	of	the	LTO	film	in	the	UHV	environment	of	
the	XPS	system	boosts	the	trivalent	Ti	core	level	feature,	and	after	re-cooling	from	700oC,	the	
top-most	 spectrum	 in	 Fig.	 S4(a)	 shows	 that	 the	 Ti3+	 (3d1)	 configuration	 belonging	 to	
stoichiometric	LTO	is	dominant.	Fig.	S4(b)	shows	that	the	Ti3+	feature	can	be	cycled	‘on’	(after	
cooling)	or	 ‘off’	 (at	elevated	temperature).	Ti	vacancies	can	be	excluded	as	 the	main	driver	
from	these	data.	These	in-situ	XPS	experiments	–	in	line	with	those	of	Ref.	[23]	-	show	that	Ti3+	
in	LTO	films	can	certainly	be	generated,	but	in	the	context	of	this	paper	one	should	add	under	
conditions	that	are	too	aggressively	reducing	for	LCO	to	remain	stable.		
In	addition,	to	the	true	electron	count	in	the	LTO	structures,	 it	is	also	conceivable	that	Ni3d	
level	in	the	LNO	cap	is	positioned	in	energy	such	that	it	can	act	as	an	acceptor	for	electrons	
from	the	LTO,	or	indeed	from	the	LCO.	LNO	was	not	covered	as	an	example	in	Ref.	[17],	and	
perhaps	both	the	electron	counting	imbalance	mentioned	above,	and	the	smaller	divalent	Co	
contribution	 seen	 in	 thin,	 [1*IF]	 samples	 relative	 to	 the	 expectation	 from	 the	 3	 uc	 charge	
transfer	range	from	STEM	have	a	connection	to	the	LNO.	However,	a	detailed	study	of	the	role	
of	LNO	or	other	capping	materials	is	beyond	the	remit	of	this	paper.	
	
Results	and	discussion	–	testing	the	range	of	charge	transfer		
The	penultimate	results	section	of	the	paper	presents	a	double-check	of	the	range	over	which	
the	charge	transfer	between	LTO	and	LCO	is	active.	The	calculations	of	Ref.	[17]	also	suggested	
the	possibility	of	modulation	doping,	in	which	there	is	spatial	separation	between	the	location	
of	 the	 (potentially)	 conduction	 electrons	 and	 the	 dopants/structures	 that	 give	 rise	 to	 the	
charge	transfer.	Up	to	5	uc	of	a	transition	metal	oxide	SrZrO3	buffer	layer	(what	we	call	below	
a	‘break’	layer)	is	suggested	to	be	able	to	leave	the	interfacial	charge	transfer	unaffected	[17].	
Given	 the	 very	 robust	 dependability	 of	 the	 PLD	 growth,	 growth	 of	 samples	 including	 such	
‘break’	 layers	provides	a	simple,	combined	test	of	both	the	 interfacial	nature	of	 the	charge	
transfer	and	the	practical	feasibility	of	modulation	doping	in	such	oxide	heterostructures.	
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Figure	6:	Testing	‘modulation	doping’	style	charge	transfer	idea	using	LaAlO3	‘break’	layers:	Co-
L3	XAS	traces	of	4	uc	LTO|x	uc	LAO|4	uc	LCO,	with	x=0,1,2,8.	LAO	interrupts	the	charge	transfer,	
approaching	the	zero-active-IF	4uc	LCO	system.	The	inset	shows	a	zoom	of	the	pre-peak	region.	
	
In	Fig.	6	the	main	Co-L3	XAS	feature	is	shown	for	a	series	of	[1*IF]	samples.	The	LTO4|LCO4	
(red	online)	and	LCO4	(blue	online)	have	been	discussed	before,	with	the	former	showing	25%	
divalent	Co	and	the	 latter	<3%.	The	three	traces	 in	between	possess	a	single	 IF,	but	with	a	
varying	number	(here	1,	2	and	8)	unit	cells	of	LAO	slipped	in	between	as	an	electronic	‘break’	
layer	(see	Fig.	1[d]).	As	LaAlO3	is	a	wide	band	gap	insulator,	with	no	variable	oxidation	state	
cations,	it	is	a	highly	effective	charge	transfer	circuit	breaker.	The	inset	highlights	the	lowest	
energy	divalent	Co	pre-peak	feature,	and	clearly	shows	what	is	happening:	charge	transfer	at	
a	level	comparable	to	that	in	the	LTO4|LCO4	system	is	maintained	despite	addition	of	a	single	
uc	of	LAO	as	a	‘break’.	However,	already	only	two	uc	LAO	break	reduces	the	tell-tale	divalent	
Co	feature	by	a	factor	2.5.		
This	simple	test	ties	in	nicely	with	the	information	from	the	XAS	and	STEM	EELS	data	of	the	
trilayers:	that	the	charge	transfer	process	is	interfacial,	and	it	has	a	range	of	order	2-3	uc.	Thus,	
the	DFT-based	expectation	of	interfacial	charge	transfer	itself,	and	its	ability	to	bridge	a	thin	
insulating	barrier	from	the	O2p	band	alignment	idea	coming	from	the	DFT	work	holds	up	in	
these	experiments	on	high	quality	thin	films	heterostructures.	
	
Results	and	discussion	–	XMCD	data	&	sum	rule	analysis	
In	the	final	results	part	of	the	paper,	we	turn	to	the	spin	state	and	magnetic	properties	of	the	
Co	ions	in	the	LCO	films.	Obviously,	there	is	no	straightforward	manner	in	which	the	individual	
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Co[II]	 ions	with	Co	3d7	configuration	can	be	spinless.	Measuring	the	magnetic	properties	of	
complex	 oxides	 in	 the	 form	 of	 ultrathin	 films	 as	 components	 in	 heterostructures	 on	 bulk	
substrates	 is	 a	 severe	 technical	 challenge	 for	 regular	 magnetometry.	 In	 such	 cases,	 the	
chemical	specificity	offered	by	XMCD	[50,51]	offers	not	only	exquisite	sensitivity,	but	also	–	via	
application	of	XMCD	sum	rules	[52]	-	extraction	of	both	the	spin	and	orbital	moments.	
Panels	(a-d)	Fig.	7	show	XMCD	data	recorded	in	different	applied	magnetic	fields	for	0,	1	and	
2*IF	systems.	Figure	S5	shows	exemplary	raw	s+	and	s-	XAS	data	that	yield	the	XMCD	signal.	
Each	 XMCD	 panel	 in	 Fig.	 7	 is	 on	 the	 same	 y-scale	 in	 units	 of	 the	%	 of	 the	maximal	 Co-L3	
absorption.	As	is	expected	for	a	thin	film	system	[21],	the	0*IF	4	uc	LCO	sample	is	not	perfectly	
low	spin,	with	the	data	of	Fig.	7	showing	an	XMCD	signal	at	the	7-8	percent	level	at	the	maximal	
field	of	14T.	Adding	an	active	LTO|LCO	interface	(1*IF:	LTO4|LCO4)	alters	the	spectral	form	of	
the	 XMCD	 signal	 and	 it	 more	 than	 doubles	 in	magnitude.	 On	 going	 to	 the	 [2*IF]	 systems	
LTO4|LCO4|LTO4	 and	 LTO4|LCO2|LTO4,	 the	 XMCD	 signal	 is	 four-	 and	 six-fold	 enhanced	
compared	 to	 that	 of	 the	 single	 LCO	 layer.	 Thus,	 it	 is	 very	 clear	 that	 the	 controlled	 charge	
transfer	 between	 LTO	 and	 LCO	 is	 turning	 the	 interfacial	 cobalt	 ions	 into	 magnetically-
polarisable	entities,	in	keeping	with	the	odd	number	of	electrons	in	their	d-shell	from	the	XAS	
lineshape	analysis.	
	
	
	
Figure	7:	XMCD	shows	boosted	Co	magnetic	moment	on	formation	of	Co(III)	d7	ions	in	interface	
samples:	(a-d)	TEY	XMCD	signal	(s+-s-)	at	the	Co-L2,3	edges	as	a	percentage	of	the	maximum	
of	the	Co-L3	absorption.	Panels	(e-h)	show	the	integrals	over	the	XMCD	signals,	normalized	to	
the	integral	of	the	unpolarized	absorption	for	the	same	data.	(a,b)	are	for	0*IF:	4	uc	LCO;	(c,d)	
1*IF:	4uc	LTO|4uc	LCO;	(e,f)	are	2*IF:	4uc	LTO|4uc	LCO|4uc	LTO	and	(g,h)	are	2*IF:	4uc	LTO|2uc	
LCO|4uc	LTO.	All	data	are	measured	at	10K	with	the	samples	cooled	in	the	fields	shown.	
	
The	 XMCD	 sum-rules	 enable	 extraction	 of	more	 quantitative	 information	 on	 the	magnetic	
properties	 [52].	 These	 involve	 the	 integration	 of	 the	 XMCD	 signal	 over	 the	 photon	 energy	
region	 of	 the	 Co-L2	 and	 L3	 edges,	 and	 panels	 (e-h)	 of	 Fig.	 7	 show	 these	 normalised	 XMCD	
integrals.	 Already	 without	 any	 further	 analysis,	 the	 fact	 that	 the	 XMCD	 integral	 shows	 a	
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downward	step	at	the	L2	edge	and	maintains	a	finite	value	thereafter	indicates	that	the	Co	ions	
possess	both	spin	and	orbital	moments.			
The	 spin	 and	orbital	moments	 extracted	 from	 the	 sum	 rule	 analysis	 are	 shown	 in	 Table	 II.	
Increasing	the	number	of	active	interfaces	boosts	both	the	spin	and	orbital	moments	by	factors	
equal	to	or	exceeding	1.2	[1*IF],	1.5	[2*IF	with	LCO4]	and	2.4	[2*IF	with	LCO2])	compared	to	
0*IF	(LCO4).	For	all	samples,	the	orbital	moment	is	considerable,	amounting	to	half	of	the	spin	
moment,	and	is	aligned	parallel	to	the	spin	moment,	meaning	the	g-factor	exceeds	2	in	these	
systems.		
Grown	under	coherent	epitaxial	strain	on	bulk	STO,	the	LCO	layers	in	these	systems	are	under	
in-plane	 tensile	 strain:	 c/a<1.	 Studies	of	10nm	 thick	 films	of	CoO	grown	either	 sandwiched	
between	MnO	on	a	Ag	substrate	or	grown	directly	on	silver	[53]	have	shown	that	the	3d	spin-
orbit	interaction	prevents	the	collapse	of	the	orbital	moment	[54]	for	high	spin	Co	3d7	states	
when	c/a<1.	We	propose	that	this	same	mechanism	is	 likely	to	be	operative	in	the	in-plane	
tensile	strained	LCO	films	presented	here.	
The	data	presented	in	Fig.	7	and	their	analysis	clearly	point	to	the	generation	of	spinful	Co3d7	
entities	as	soon	as	one	or	more	active	LTO|LCO	interfaces	are	introduced,	with	a	total	moment	
of	1.16	µB,	and	ml/ms	of	0.5	for	the	fully	divalent	cobalt	ions	in	LTO4|LCO2|LTO4.		
	
Table	II.	Magnetic	parameters	from	XMCD	sum	rule	analysis	for	-14T	applied	field	at	10K.	
System	
%	
Co[II]	
from	
XAS		
Orbital	
moment,	
ml	(µB)	
from	
XMCD	
Spin	
moment,	
ms	(µB)	
from	
XMCD	
ml	/	
ms	
Total	
moment,	
mtot	(µB)	
from	
XMCD	
Saturation	
magnetisation	
Msat(µB)	from	
Brillouin	
function	
Factor	
increase	
in	mtot	
cf.	LCO4	
0*IF	LCO4	 <3	 	0.15	 0.33	 0.45	 0.48	 0.53	 -	
1*IF	LTO4|LCO4	 25	 0.2	 0.38	 0.55	 0.58	 0.64	 1.2	
2*IF	
LTO4|LCO6|LTO4	
40	 0.26	 0.5	 0.52	 0.76	 0.89	 1.2	
2*IF	
LTO4|LCO4|LTO4	
50	 0.26	 0.47	 0.54	 0.73	 0.81	 1.5	
2*IF	
LTO4|LCO2|LTO4	
100	 0.37	 0.75	 0.50	 1.16	 1.29	 2.4	
	
In	 order	 to	 discuss	 the	 magnetic	 behaviour	 of	 the	 Co	 ions,	 Fig.	 8	 presents	 the	 field	 and	
temperature	dependence	of	the	magnetisation	extracted	from	the	XMCD	sum	rules	for	a	0*IF	
LCO	sample	and	two	2*IF	systems:	LTO4|LCO6|LTO4	and	LTO4|LCO2|LTO4.	The	colour-coded	
solid	lines	are	fits	to:	! = !#$%&' ( ,	where	the	experimentally	determined	ml/ms	ratio	and	
the	S	expected	from	the	valence	observed	in	the	XAS	were	used	to	calculate	J	using	a	Brillouin	
function	
	&' ( = )'*+)' ,-.ℎ )'*+ 0)' − +)' ,-.ℎ 0)' 	with	( = 23	56	'	7		869 .		
The	Landé	g-value	is	
		:' = ;) + = =*+ >?(?*+))'('*+) ,	and	we	note	that	such	a	Brillouin	function	describes	the	spin	
physics	of	a	collection	of	spins	behaving	paramagnetically	[55].	
The	saturation	magnetisation,	Msat,	was	varied	to	achieve	optimal	fits	to	the	experimental	field-	
(main	figure)	or	T-dependence	(inset)	of	the	data.	Msat	is	about	10%	greater	than	the	values	
connected	 to	 maximal[minimal]	 fields[temperatures]	 accessed	 experimentally.	 Simple	
inspection	of	Fig.	8	shows	the	Brillouin	function	captures	the	essence	of	the	field	dependence	
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and	 the	 strong	 decay	 of	 the	 magnetisation	 as	 temperature	 is	 raised	 for	 all	 the	 samples	
measured,	indicating	paramagnetic	behaviour.		
	
For	the	0*IF	system	LCO4,	the	3d6	HS	(S=2)	population	provides	the	paramagnetic	magnetic	
response	[56],	and	taking	 into	account	the	experimentally	determined	ml/ms	ratio	of	0.45,	a	
good	fit	is	achieved	for	a	saturation	magnetisation	of	Msat(LCO4)	=	0.45	μB	per	Co	atom.	
For	the	2*IF	systems	LTO4|LCO6|LTO4	and	LTO4|LCO2|LTO4,	 in	which	charge	transfer	has	
created	divalent	Co	3d7	ions,	there	are	two	options	
• a	high	spin	t2g5eg2	S=3/2	state	(HS)	or	
• a	low	spin	t2g6eg1	S=1/2	state	(LS).	
	
The	Brillouin	function	fits	in	the	main	panel	of	Fig.	8	are	for	HS	3d7,	the	same	spin	state	as	in	
CoO	(the	latter	is	also	HS	as	a	thin	film	under	either	compressive	or	tensile	in-plane	strain	[53]).	
Without	exception,	divalent	cobalt	oxides	are	quoted	as	HS	in	the	literature,	as	their	on-site	
Coulomb	interaction	energy,	Udd	(at	the	root	of	Hund’s	first	rule)	is	greater	that	the	crystal	field	
energy.	In	the	mixed	valent	cobalt	oxide	La1.5Sr0.5CoO4,	successful	modelling	of	the	Co-L2,3	XAS	
using	a	combination	of	the	spectra	from	EuCoO3	(LS	Co3d6)	and	CoO	(HS	Co3d7)	is	provided	as	
evidence	that	the	divalent	Co	in	La1.5Sr0.5CoO4	is	HS	[57].	The	fact	that	the	XAS	data	from	our	bi-	
and	trilayer	samples	can	also	be	fitted	in	exactly	the	same	way	(see	Fig.	S2)	argues	by	analogy	
for	the	conventional	HS	spin	state	for	the	divalent	Co	3d7	here.	Having	said	that,	the	Brillouin	
function	fit	for	the	field	dependence	for	the	LS	3d7	state,	only	gives	a	marginally	worse	fit.	The	
saturation	magnetisations	-	using	ml/ms	ratios	of	0.52	for	both	[2*IF]	samples	–	are	0.89	and	
1.29	μB	per	Co	atom	for	LTO4|LCO6|LTO4	and	LTO4|LCO2|LTO4,	respectively,	as	shown	 in	
Table	II.		
	
The	expected	spin-only	magnetic	moment	in	a	simple	single-ion	picture	for	HS	Co	3d7	would	
be	 3µB	 per	 Co,	 and	 under	 similar	 assumptions	 would	 be	 1µB	 for	 LS	 Co	 3d7.	 In	 this	
straightforward	view,	the	LS	configuration	can	be	argued	to	yield	a	spin	moment	closer	to	the	
experimental	 spin-only	 value	 of	 0.75µB	 for	 the	 fully	 Co	 3d7	 LTO4|LCO2|LTO4	 system.	
Arguments	can	also	be	made	that	the	improved	Goldschmidt	tolerance	factor	for	the	smaller	
LS	Co3d7	ion	[58]	of	(t=0.958)	compared	to	the	HS	one	(t=0.915)	could	also	help	counteract	the	
additional	Coulomb	repulsion	cost	of	the	LS	state.		
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Figure	 8:	 Magnetic	 field	 and	 temperature	 dependence	 of	 the	 cobalt	 element-specific	
magnetisation	shows	Brillouin-function	behaviour.	Shown	is	the	field	dependence	of	mtot,	the	
sum	of	spin	and	orbital	moments	(coloured	symbols),	determined	using	the	XMCD	sum	rules	
for	0*IF:	4	uc	LCO	(blue),	and	2*IF:	4uc	LTO|6uc	LCO|4uc	LTO	(red)	and	4uc	LTO|2uc	LCO|4uc	
LTO	(green).	The	solid	lines	show	fits	using	a	Brillouin	function	(Tsample	10K)	for	S	values	from	
the	XAS	valence	analysis	(S=3/2	for	HS	Co	3d7;	S=2	for	HS	Co3d6)	and	L	values	matching	the	
determined	ml/ms	values	from	the	sum	rules.	The	inset	shows	the	temperature	dependence	
of	the	sum	of	spin	and	orbital	moments	for	the	2*IF	system	4uc	LTO|6uc	LCO|4uc	LTO	(black	
symbols)	measured	in	a	field	of	-14	T.	The	lines	show	the	Brillouin	function	behaviour	expected	
for	HS	Co	3d7	HS	(red)	and	LS	Co	3d7	(green).	
	
The	inset	to	Fig.	8	shows	the	temperature	dependence	of	total	magnetic	moment	of	the	2*IF	
system	LTO4|LCO6|LTO4	in	the	range	of	10	to	180	K.	Example	XMCD	spectra	underlying	the	
data-points	of	Fig.	8	are	shown	in	Fig.	S6(a).	The	solid	lines	are	from	the	Brillouin	functions	(red:	
HS	3d7,	S=3/2,	ml/ms=0.53;	green	line:	3d7	LS,	S=1/2,	ml/ms=0.53)	with	Msat	=	0.89µB.	The	high	
spin	curve	yields	a	better	result	than	for	the	low	spin	state.	Both	fit	curves	show	steeper	decay	
of	the	magnetisation	than	do	the	data,	and	suggest	a	contribution	to	the	experimental	value	
of	 the	 total	 moment	 from	 another	 source	 that	 grows	 as	 temperature	 is	 raised.	 A	 natural	
candidate	for	this	is	a	trivalent	Co	3d6	HS	contribution	(S=2)	growing	from	zero	at	10K	to	of	
order	15%	at	150K	[21].	Seeing	as	60%	of	the	Co	in	the	LTO4|LCO6|LTO4	system	for	which	we	
have	the	detailed	field-	and	temperature-dependent	XMCD	data	is	simply	trivalent	LCO,	it	is	
not	unreasonable	to	suggest	that	this	is	the	source	of	the	additional	magnetisation	at	higher	
temperatures.		
In	any	case,	the	lack	of	remnant	magnetisation	in	zero-field,	and	the	good	description	provided	
by	the	Brillouin	function	at	low	temperatures	argues	firmly	against	ferromagnetism	in	the	case	
of	these	bi-	and	tri-layer	interfacial	Co	spin	systems59.	In	keeping	with	this,	supplementary	Fig.	
S6(b)	 shows	 a	 lack	 of	 in-plane/out-of-plane	 anisotropy	 in	 the	 XMCD	 of	 the	 2*IF	 system	
LTO4|LCO4|LTO4.	It	is	also	clear	from	Fig.	8	that	these	interfacial	systems	are	not	generating	
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a	long	range	ordered	AFM	ground	state.	AFM	Co-Co	correlations,	however,	have	been	cited	as	
the	cause	of	reduced	moments	for	the	paramagnetic,	divalent	Co	sites	in	FM	films	of	Co-doped	
ZnO	studied	using	XMCD	[60],	and	 in	thick,	Ce-doped	LCO	films	(also	containing	HS	Co	3d7),	
reduced	moments	are	also	reported	[61].	Thus,	AFM	correlations	or	local	patches	of	AFM	order	
could	be	responsible	 for	 the	reduced	saturation	magnetisation	of	 the	Co	3d7	 ions	 from	the	
XMCD	 analysis	 on	 these	 bi-	 and	 trilayers.	 Detailed	 angular	 and	 T-dependent	 XMLD	
measurements	 would	 be	 required	 to	 examine	 possible	 (incipient)	 AFM	 ordering	 while	
distinguishing	these	magnetic	contributions	from	charge	order/anisotropies	in	these	non-cubic	
systems	[62].	Such	experiments	go	well	beyond	the	remit	of	this	investigation.			
The	bottom	line	of	the	XMCD	experiments	on	the	magnetic	properties	is	that	the	interfacial	
charge	transfer	clearly	increases	the	spin	and	orbital	moments,	with	the	Co	3d7	spins	displaying	
paramagnetic	behaviour.	
The	rich	spin	physics	of	cobalt	oxides	also	sheds	light	on	the	lack	of	electrical	conduction	in	
these	systems,	also	for	cases	with	non-integer	3d	electron	counts.	If	the	divalent	Co	3d7	are	in	
a	high	spin	state	and	neighbouring	trivalent	Co	3d6	are	low	spin,	then	a	process	called	spin-
blockade	prohibits	hopping,	suppressing	conduction,	as	has	been	suggested	 in	HoBaCo2O5.5	
[63],	La1.5Sr0.5CoO4	[57]	and	Ce-doped	LCO	films	[61].	For	the	3d7	integer	electron	count	in	the	
2*IF:	 4uc	 LTO|2uc	 LCO|4uc	 LTO	 system,	 Mott	 physics	 most	 likely	 lies	 at	 the	 root	 of	 the	
insulating	ground	state.	
	
Before	concluding,	we	return	to	the	key	discussion	of	the	microscopic	origin	of	the	remarkable	
charge	transfer	to	create	structurally	unaltered,	paramagnetically	polarisable	Co2+	at	a	100%	
level	across	all	LCO	unit	cells	abutting	LTO	in	high	quality,	non-polar	oxide	heterointerfaces.	
The	final	result,	that	the	Mott	insulator	LTO	has	lost	its	d-electron	and	that	the	charge	transfer	
insulator	LCO	has	picked	up	an	extra	electron	is	unequivocal:	the	prediction	that	the	LCO|LTO	
couple	exists	as	3d7|3d0	and	not	3d6|3d1	is	proven	correct.	
Either	electronic	charge	transfer	or	oxygen	non-stoichiometry	or	migration	are	the	two	front-
runner	mechanisms	for	the	observed	behaviour.		Here	we	sum	up	all	the	arguments	favouring	
the	electronic	mechanism	as	the	dominant	one.	
• Although	oxygen	vacancies	will	surely	exist,	the	single	component	LCO	films	grown	in	an	
identical	manner	as	the	heterointerface	systems	show	them	to	be	present	only	at	the	few	
%	 level	 –	 never	 enough	 to	 get	 full	 valence-switching	 as	 seen	 in	 the	 trilayers.	 In	 the	
heterostructure	‘break’	samples,	such	as	that	with	8	uc	of	LAO,	a	ceiling	of	5%	also	follows	
from	the	Co	XAS	lineshape.		
• The	STEM	data	are	clear	 in	 their	exclusion	of	oxygen	vacancy	ordering	at	any	sufficient	
density	in	the	LCO,	nor	do	they	allow	structural	alterations	such	as	line	defects	associated	
with	domains	of	La2Ti2O7	in	the	LTO.			
• Under	 PLD	 growth	 conditions,	 oxygen	 vacancies	 are	 mobile,	 and	 thus	 not	 only	 would	
additional	arguments	be	required	to	explain	them	being	pinned	at	the	interfaces,	but	also	
a	 thin	break	 layer	of	 a	 few	uc	of	 LaAlO3	would	not	 impede	vacancy	diffusion	 into	 LCO,	
whereas	it	can	provide	an	isolation	layer,	blocking	interfacial	charge	transfer.	
	
Given	the	ease	with	which	excess	oxygen	or	oxygen	vacancies	are	created	 in	 late	transition	
metal	 oxides,	 it	 is	 interesting	 to	 consider	 why	 they	 are	 not	 the	 dominating	 microscopic	
mechanism	for	the	charge	transfer	here.	Evidently,	although	the	differences	in	3d	energy	levels	
that	ultimately	drives	the	electronic	charge	transfer	could	lead	to	a	more	chemical	expression	
of	energy	lowering,	we	speculate	that	upon	fabrication	at	high	temperature,	having	LTO	and	
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LCO	side-by-side	presents	a	different	thermodynamic	situation	than	having	single	layers	of	LTO	
or	LCO	on	their	own.	As	the	heterointerface	is	grown,	the	LTO	already	has	the	possibility	of	
offloading	its	‘unwanted’	3d	electron	to	the	LCO,	with	no	necessity	for	the	formation	of	either	
oxygen	interstitials	or	vacancies.	
	
Conclusions	and	outlook	
We	 have	 grown	 high-quality	 thin	 films	 of	 the	 charge	 transfer	 insulator	 LCO	 using	 PLD	
possessing	either	0,	1	or	2	structurally	abrupt,	non-polar	interfaces	to	the	Mott	insulator	LTO.	
The	 data	 clearly	 show	 the	 O2p-band-alignment-based	 DFT	 prediction	 of	 interfacial	 charge	
transfer	 to	 yield	 a	 Co3d7	 |	 Ti	 3d0	 electronic	 configuration	 is	 correct.	 The	 heterointerface,	
although	 non-conducting	 due	 to	 spin	 blockade	 physics,	 provides	 a	 tunable	 population	 of	
interfacial,	most-likely	high-spin,	divalent	Co.	
The	magnitude	of	the	electron	transfer	for	the	bi-	and	trilayers	is	one	electron	per	interfacial	
LTO|LCO	unit	cell,	per	 interface	 in	the	structure.	Therefore,	 the	LCO	film	thickness	and	the	
number	of	LTO|LCO	 interfaces	provide	a	pair	of	deterministic	control	knobs	 for	 the	charge	
transfer.	 Additionally,	 the	 charge	 transfer	 can	 be	 reduced	 via	 thickness	 of	 a	 ‘break’	 layer	
between	 the	 LTO	 and	 LCO.	 The	 interfacial	 3d7	 Co	 ions	 formed	 by	 charge	 transfer	 exhibit	
significant	orbital	moment,	likely	due	to	a	combination	of	the	anisotropic	crystal	field	and	Co	
3d	spin-orbit	coupling,	and	detailed	XMCD	investigations	point	clearly	to	their	paramagnetic	
behaviour.		
These	experiments	clearly	affirm	the	O	2p	band	alignment	concept	as	a	new	and	successful	
design	philosophy	for	the	engineering	of	strongly	correlated	quantum	materials	[17],	without	
the	 need	 for	 the	 system	 to	 be	 responding	 to	 an	 incipient	 polar	 catastrophe,	 and	 without	
introducing	non-stoichiometry	or	the	cationic	disorder	connected	to	chemical	doping.	To	be	
able	 to	do	 this	 is	of	 interest	 in	controlling	conductivity,	magnetic	 states	and	also	 (catalytic)	
chemical	reactivity.	
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Supplementary	material	
	
1.	Data	treatment	of	XAS	spectra	
The	 XAS	 spectra	 were	 collected	 using	 simultaneously	 TEY	 and	 FY	 modes.	 In	 a	 few	 cases,	
extrinsic,	but	well	understood	peaks	made	 their	appearance	 in	 the	spectra.	Firstly,	 the	TEY	
signal	of	Co	L-edge	exhibited	weak	Ba-M4,5	absorption	the	origin	of	which	is	elusive.	This	signal	
did	not	give	rise	to	any	dichroism	and	subtraction	was	achieved	by	measuring	the	Co	L-edge	of	
samples	that	did	not	contain	any	Co	(namely	LTO	4	u.c.),	as	shown	in	Figure	S1a.	Secondly,	the	
FY	signal,	used	primarily	to	ensure	that	TEY	is	sufficiently	representative	of	the	bulk	of	the	film,	
contained	an	Al:Ka	peak	that	originated	from	2nd	order	synchrotron	radiation	exciting	the	K-
edge	of	Al	contained	in	the	LAO	buffer	layer.	The	same	Co	L-edge	of	a	reference	film	containing	
no	Co	was	used	to	subtract	this	feature,	too.	Further	investigation	showed	that	the	SiC	coated	
mirror	is	adequate	to	strongly	suppress	this	peak	in	contrast	to	the	Au	mirror.		
	
	
Figure	S1:	Correction	of	Ba-M4,5	signals	in	TEY	and	Al:Ka	fluorescence	in	FY.	(a)	TEY	mode	XAS	data	show	
very	weak	Ba-M4,5	signals	in	the	energy	region	of	the	Co-L2,3	edge	which	are	unrelated	to	the	LCO	layers.	
In	the	main	figures,	the	Co-free,	4	u.c.	LTO	data	are	used	to	subtract	this	signal.	(b)	The	FY	data	do	not	
contain	the	Ba-M4,5	features,	but	do	show	Al:Ka	fluorescence	excited	by	second	order	light.	Again,	the	
LTO	spectrum	is	used	to	correct	the	data.	In	the	lowest	trace,	a	beamline	mirror	was	used	which	does	
not	transmit	the	2nd	order	light,	thus	offering	a	clear	control	of	the	correction.	
	
	
2.	Co	valence	fingerprinting	using	model	compounds	
Two	methods	were	explored	to	determine	the	%	of	divalent	Co	3d7	in	the	[0*IF],	[1*IF],	and	
[2*IF]	 structures.	 In	 a	 first	 iteration,	 the	 spectra	were	modelled	using	 the	data	 from	single	
crystalline	model	compounds	from	Ref.	[1].	An	example	of	fits	is	shown	in	Fig.	S2(a),	with	the	
percentages	 as	 given	 in	 the	 right-hand	 panel.	 The	 heterostructure	 spectra	 are	 quite	 well	
described	 in	 this	 manner,	 and	 the	 ‘stand-alone’	 LCO	 film	 shows	 more	 intensity	 at	 778eV	
suggesting	(in	the	light	of	Fig.	2(b)	in	the	main	body	of	the	paper)	that	the	thin-film	LCO	has	a	
greater	HS	admixture	than	the	single	crystal.	We	note	the	divalent	pre-peak	at	777eV	is	clearly	
a	different	feature	to	this	shoulder,	as	can	clearly	be	seen	in	the	heterointerface	samples.	
In	atomic	multiplet-based	models	 for	 L2,3	XAS	of	 transition	metal	oxides,	 the	exact	 spectral	
distribution	 of	 multiplets	 in	 Co-L2,3	 XAS	 (which	 ends	 up	 giving	 the	 shape	 of	 the	 overall	
spectrum)	is	sensitive	to	a	number	of	fundamental	parameters	including	Coulomb	energies	(dd	
and	core-d),	the	charge	transfer	energy,	covalence	between	the	metal	and	oxygen	levels	as	
well	as	crystal	fields	and	the	local	crystal	symmetry.	
It	is	asking	a	lot	to	expect	the	finer	details	of	the	multiplets	from	the	bulk,	model	compounds	
to	be	strictly	relevant	for	the	ultrathin	film	systems	here.	For	the	divalent	cobalt	case,	CoO	is	
quite	a	different	system	structurally,	to	a	LCO4|LCO4|LTO4	trilayer,	grown	coherently	strained	
to	STO.	Therefore,	in	a	second	iteration,	the	series	of	Co-L2,3	spectra	were	decomposed	into	
tri-	and	divalent	contribution	using	the	Co	L-2,3	XAS	traces	from	LCO4	and	the	LCO4|LCO4|LTO4	
trilayer	as	representatives	of	trivalent	and	divalent	Co	in	the	structural	context	of	our	thin	film	
heterostructures.	Fig.	S2(b)	shows	the	results	of	this	process,	which	yield	excellent	agreement	
with	the	details	of	the	multiplet	structures.	The	numbers	shown	in	Fig.	S2(b)	are	given	in	Table	
II	in	the	main	body	of	the	paper.	
	
	
Figure	S2:	Decomposition	of	the	Co-L2,3	XAS	data	to	extract	tri-	and	divalent	contributions.	(a)	Use	of	
the	 spectra	 from	 the	 model	 compounds	 EuCoO3	 and	 CoO	 to	 fit	 the	 data	 from	 bi-	 and	 trilayer	
heterointerface	samples.	The	same	mixing	percentages	of	the	di-	and	trivalent	model	spectra	are	kept	
as	used	in	the	right-hand	panel.	(b)	An	analogous	procedure	–	the	one	actually	used	to	determine	the	
valency	 figures	 given	 in	 the	 main	 body	 of	 the	 paper	 –	 in	 which	 the	 data	 from	 the	 LCO4	 and	
LTO4|LCO2|LTO4	systems	are	used	a	tri-	and	divalent	model	spectra,	respectively,	mixed	as	indicated	
in	the	figure.	
	
	
3.	Ti	3d	electron	count	from	Ti-L2,3	XAS	of	LTO|LCO|LTO	trilayers	
The	valency	of	the	Ti	ions	in	the	LTO	layers	in	the	investigated	heterostructures	was	probed	
using	both	Ti2p	HAXPES	at	the	I09	beamline,	and	soft	X-ray	XAS	at	the	Ti-L2,3	edges	at	both	the	
I09	and	the	I10	beamlines.	The	data	from	the	I10	experiments	are	shown	in	Fig.	S3	from	[2*IF]	
LTO4|LCO2|LTO4	(424),	444	and	464	samples.	Due	to	charge	transfer	to	LCO,	the	single	3d	
electron	 present	 in	 stoichiometric,	 defect-free	 LTO	 should	 be	 missing,	 yielding	 a	 Ti4+	 XAS	
spectrum,	as	seen	in	Fig.	S3.	As	discussed	in	the	sample	design	section	of	the	main	paper	and	
in	the	context	of	Fig.	S3	below,	even	though	the	growth	conditions	were	carefully	chosen	to	
optimally	grow	both	LCO	and	LTO	with	as	few	defects	and	vacancies	as	possible,	in	the	post-
growth,	post-cool-down	timepoint,	a	single	film	of	LTO	does	not	necessarily	possess	pure	3d1	
character	for	reasons	explained	in	Ref.	[2].	We	reiterate	the	message	of	the	main	paper	here	
that	the	essential	comparison	is	between	the	valence	states	of	the	Ti	in	LTO	abutting	LCO	and	
the	Co	in	LCO	abutting	LTO	between	the	situation	in	experiment,	and	–	for	example	-	the	DFT	
calculations	of	Ref.	[3].	It	is	evident	that	the	situation	of	a	Ti/Co	interface	possessing	3d1/3d6	
(i.e.	tri/divalent	valencies)	is	avoided,	both	in	the	computer	and	in	practise.	
	
	
	
Figure	S3:	Ti-L2,3	XAS	data	from	[2*IF]	samples	and	STO	reference.	Shown	are	TEY	data	for	2	(green),	4	
(blue)	 and	 6	 (red)	 uc	 of	 LCO	 sandwiched	 between	 a	 pair	 of	 4	 uc	 thick	 LTO	 layers.	 Their	 strong	
resemblance	to	the	Ti4+	3d0	data	from	a	STO	reference	from	the	literature	[2]	indicates	a	tetravalent	
configuration.	
	
	
4.	Control	of	the	Ti	3d	electron	count	in	LTO	films	through	UHV	heat	treatment	
Figure	S4	shows	in-situ	Ti2p	core	level	photoemission	data	recorded	from	a	LAO	3u.c./LTO	3	
u.c./LAO	3u.c.	film	grown	on	LAO	substrate	in	using	identical	growth	parameters	to	those	of	
the	LTO	layers	in	the	bi-	and	tri-layer	systems	that	form	the	core	of	this	paper.	The	Ti2p	spectral	
shape	of	the	as-grown	film	(blue)	yields	a	d0	character	due	to	over-oxidation	that	took	place	in	
the	 relatively	 high	 growth	 pressure	 environment	 that	 was	 required	 to	 enable	 growth	 of	
LCO/LTO	 film	 combinations	 in	 agreement	 to	 recent	 results	 [2].	 Subsequently	 the	 film	was	
transferred	 in-situ	 to	 the	 XPS	 chamber	 in	 a	 pressure	 environment	 of	 1x10-10mbar.	 Having	
undergone	thermal	post-treatment	in	ultrahigh	vacuum	and	at	temperatures	comparable	to	
the	deposition	conditions,	the	LTO	shows	increased	3d1	content	expressed	in	the	peak	located	
at	 the	 low	binding	of	each	spin-orbit	 split	 component	of	 the	doublet.	Still	higher	annealing	
temperatures	 further	 promote	 the	 stabilisation	 of	 the	 3d1	 configuration.	 After	 cooldown	
(uppermost	 trace	 in	 Fig.	 S4[a]),	 the	 film	 exhibits	 a	 dominant	 Ti3+	 population,	 reflecting	
establishment	of	the	relatively	unstable	stoichiometric	state	of	LTO.	In	the	right-hand	panel	of	
the	figure,	the	data	show	how	consecutive	cycles	of	heating	and	cooling	yield	the	same	spectral	
signatures,	highlighting	the	tendency	of	LTO	to	gain	oxygen	once	at	elevated	temperature	and	
in	 relatively	 higher	 pressures	 (10-9mbar	 at	 700oC,	 compared	 to	 10-10mbar	 at	 room	
temperature).	Restoration	of	the	dominance	of	the	stoichiometric	valence	was	again	achieved	
upon	subsequent	cooling.	
From	these	data	it	is	clear	that	there	is	a	reversible	ingress/removal	of	additional	oxygen	from	
the	LTO	within	the	depth-scale	of	the	XPS	measurements.	
		
	
Figure	S4:	Ti-2p	XPS	data	from	a	LTO	film	grown	on	LAO.	The	LTO	is	4	uc	thick,	deposited	on	a	3	uc	cell	
LAO	 layer	 itself	 grown	 on	 bulk	 LAO	 The	 film	 stack	 of	 capped	 with	 a	 further	 3	 uc	 of	 LAO	 to	 yield	
LAObulk|LAO3|LTO4|LAO3.	 Panel	 (a)	 on	 the	 left	 shows	 data	 after	 cool-down,	 transferred	 without	
breaching	UHV	(lowest	trace),	and	at	different	post-anneal	temperatures	as	indicated	and	after	a	final	
cool-down	from	700oC.	The	characteristic	2p53d1	 final	 state	 feature	 for	Ti3+	 is	clearly	present	at	 low	
binding	energies	in	the	latter.	Panel	(b)	on	the	right	shows	reversible	behaviour	during	a	heating/cooling	
cycle	between	25	and	700oC.	
	
We	mention	that	the	subjection	of	a	LTO4|LCO4|LTO4	trilayer,	grown	on	LAO	and	capped	with	LAO	-	
i.e.	analogous	 to	 the	LTO	sample	whose	data	 is	shown	 in	Fig.	S4	 -	 to	 in-situ	annealing	steps	 in	UHV	
starting	at	25oC	and	going	via	175oC	up	to	400oC	(i.e.	all	below	the	annealing	temperatures	used	in	Fig.	
S4	for	LTO)	led	to	the	appearance	of	a	Ti3+	feature	in	XPS	signaling	3d	electron	occupation	in	the	LTO	
but	 also	 an	 XPS	 signal	 at	 a	 binding	 energy	 matching	 cobalt	 metal,	 signaling	 the	 irreversible	
decomposition	of	the	LCO	under	these	conditions	in	the	trilayer.	These	experiments	support	the	chosen	
strategy	of	growth	at	an	intermediate	oxygen	pressure.	
	
	
5.	Raw	XAS	spectra	using	circular	polarised	X-rays	and	the	resulting	XMCD	contrast		
	
Figure	 S5	 shows	 an	 example	 of	 the	 raw,	 polarisation-dependent	 XAS	 data	 from	 which	 the	 XMCD	
datasets	shown	in	Fig.	7	of	the	main	paper	were	extracted.	
	
	
	Figure	S5:	Example	X-ray	absorption	spectra	used	to	extract	XMCD	data.	Co-L2,3	XAS	data	(TEY)	for	an	
LTO4	(left)	and	LTO4|LCO2|LTO4	sample	(right),	together	with	the	XMCD	signal	(in	green)	as	shown	for	
different	film	systems	in	Fig.	7	of	the	main	paper.		
	
	
6.	Temperature-	and	incidence	angle	dependent	XMCD	of	LTO|LCO|LTO	trilayers	
Figure	S6(a)	shows	the	XMCD	data	of	the	double-interface	system	LTO4|LCO6|LTO4	measured	
at	a	field	of	-14	T	at	different	temperatures.	These	data	form	the	basis	of	the	data	points	shown	
in	 the	 inset	 of	 Fig.	 7	 in	 the	main	 paper.	 In	 Fig.	 S6(b),	 a	 comparison	 between	 the	 grazing	
incidence	 (NI)	 and	 normal	 incidence	 (NI)	 XMCD	 data	 for	 the	 double-interface	 system	
LTO4|LCO4|LTO4	 is	 presented,	 showing	 only	 very	 small	 deviations	 in	 the	 XMCD	 patterns	
despite	probing	magnetic	polarisation	either	in	(GI)	or	out	of	the	film	plane	(NI).		
	
	
	
Figure	S6:	Temperature	and	angular	signatures	of	paramagnetic	behaviour.		
Panel	 (a)	 Temperature	 dependence	 of	 the	 system	 LTO4|LCO6|LTO4	 XMCD	 signal	 from	
measured	at	a	field	of	-14T.	These	data	underpin	the	data-points	of	Fig.	8	in	the	main	paper.	
(b)	Normal	incidence	(NI)	vs.	grazing	incidence	(GI)	XMCD	patterns	of	system	LTO4|LCO4|LTO4	
measured	at	both	at	14	and	-14	Tesla	fields.	Essentially	zero	anisotropy	is	observed.	
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